Introduction
The treatment of high-energy open fractures is challenging, due to the high rates of infection and delayed or non-unions. The severity of this situation is compounded when bone fragments are traumatically extruded creating a large bony defect. If a large bone segment is lost, reconstruction may be achieved by gradual distraction osteogenesis procedures [1] or by implantation of large cadaveric allografts or vascularized autografts [2] . When the extruded bone segment is brought in with the patient however, the surgeon needs to decide whether to re-implant the extruded segment or not. Furthermore, if the decision for re-implantation is made, how should it be sterilized and when should it be reimplanted. Due to the relative rarity of this scenario, clear protocols regarding sterilization, fixation, and reimplantation steps and techniques of extruded bone segments do not exist [3, 4] . Therefore, sharing our individual experiences with dealing with such devastating scenarios in the surgical community may help in the formation of protocols and guidelines pertaining to this condition.
In this case report, we seek to present our experience with immediate re-implantation of an extruded femoral bone segment combined with delayed internal fixation. According to our literature review, this is the first report describing such a method for re-implanting an extruded femoral bone fragment.
Case Report
We present the case of a 46-year-old male who was brought to our institution by helicopter after being involved in a motorcycle accident in which he was ejected from his motorcycle onto the windshield of the involved car. The patient initially complained of pain in his left thigh, left wrist, left ankle, and right arm. Upon examination, he was noticed to have an 8-cm horizontal laceration of his left thigh directly superior to his patella with noticeable thigh shortening. His leg was found to be without neurovascular compromise as he had intact dorsalis pedis and posterior tibial pulses, as well as intact sensation to light touch in all aspects of the lower leg. He was found to have a type 3A open comminuted left distal femur fracture with a large segmental defect (Fig. 1) , a closed left distal radius fracture, a comminuted right midshaft humerus fracture, a left lateral malleolar fracture, a right fibular head fracture, and multiple transverse process fractures. For the purpose of this paper, only the left femoral fracture will be discussed in detail. A 12-cm long segment of extruded femoral bone was found on the scene, was placed in a saline-soaked gauze dressing, and brought in with the patient.
After the initial evaluation and receiving intravenous Ancef (GlaxoSmithKline, Research Triangle, NC, USA), gentamycin, tetanus toxoid, and tetanus immunoglobulin in the emergency room, the patient was brought to the operating theater. Copious irrigation and debridement of the patient's left thigh was done through his open wound, followed by placement of a kneespanning external fixator. The extruded bone was washed and scrubbed in copious amounts of saline and debrided to remove any dirt. This step was followed by soaking the bone in three separate basins of 10% povidone-iodine solution for a total duration of 60 min. Next, the extruded bone was placed and aligned with the rest of the femur. The reinserted femoral bone was then augmented with antibiotic-laden cement encircling the fracture site, both to provide stability and to keep the graft from becoming infected (Fig. 2) . The wound was initially left open and packed with wet dressings which were changed twice a day. The patient then underwent multiple surgeries in the following days. These included five irrigation and debridements; of which, the first three were done at two-day intervals. Two days after initial surgery, the femoral condyles were reduced and fixed with two long medial 7.0 cannulated screws (Fig. 3) . Finally, the external fixator and antibiotic cement augmentation were removed on the fourth day. In the same sitting, open reduction and internal fixation of the comminuted distal femoral fracture was achieved with a Peri-Loc 13-hole distal femoral locking plate (Smith & Nephew, Andover, MA, USA). The plate spanned the defect gap, and the extruded bone fragment was fixed in place with a single screw and wire cerclage proximally (Fig. 4) . Partial wound closure was achieved at this time with wires. All the while, the patient was kept on intravenous antibiotics and had his open wounds packed with wetted saline dressings which were changed twice a day. After approximately two weeks, the patient was felt to be stable enough to leave the hospital, was made non-weightbearing, prescribed a physical therapy regimen with passive exercises, and was discharged to a facility on four weeks of oral antibiotics with continued wet dressing changes, with the goal of eventual split thickness skin graft application. We proceeded with routine follow-up in the outpatient setting and noted that his femoral fracture showed signs of healing and that he did not have any signs of infection related to his left open thigh wound. Split thickness skin grafting was then undertaken at approximately seven weeks after the injury, which went on to heal without complication. Because of the patient's continued knee pain and limited knee flexion, left knee arthroscopy with manipulation under anesthesia was undertaken about a month later. The arthroscopy showed extensive synovitis, scar formation, and various osteochondral defects, which were debrided. The left knee manipulation improved the patient's range of motion from 0-60 to about 0-90 degrees. Post-operatively, the patient's pain improved, and he was made weight bearing at 16-week post-injury. At the 12 months' time point, his active range of motion was 0-85, with 5/5 quadriceps strength and no appreciable limb shortening; radiography showed evidence of healing with abundant fracture callus (Fig. 5) .
Discussion
The benefits of re-implanting an extruded bone fragment include that it serves as a perfectly fitting spacer for fracture bridging and maintaining bone and soft tissue length, avoids the need to harvest an autologous graft causing donor-site morbidity to an already severely injured patient, averts immunogenic rejection associated with allografts, and may spare the patient lengthy and tedious distraction osteogenesis procedures. All that being said, even after meticulous debridement and sterilization, reimplanting an extruded bone that has been exposed to severe contamination may lead to devastating infections.
Regarding sterilization techniques, Kirkup was the first to report on re-implantation of an extruded femoral bone. They described boiling the fragment and then sterilizing it in an autoclave immediately before re-implantation [5] . Since then, several authors described their successful experiences with different sterilization techniques including boiling, autoclaving, gamma irradiation, and soaking in chlorhexidine, povidone-iodine, and antibiotic solutions [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Autoclaving seems to be the most efficient method of decontamination but there are multiple concerns regarding loss of graft osteoinductive properties [4, 14] . Due to the fact that data regarding the efficacy of different sterilization techniques cannot provide a clear guide as to which technique is ultimately superior, we do not believe that the type of sterilization solution used will accurately predict the outcome. Rather, it seems to be a combination of the nature of the injury, the viability of the re-implanted bone, the quality of the soft tissue bed, and the stability of the fixation, along with immediate and continued antibiotic coverage. We believe that immediate re-implantation of the extruded bone fragment together with antibiotic cement augmentation helped in addressing some of those factors.
Reported timing of re-implantation and definitive fixation has ranged from immediate re-implantation to postponed reimplantation to up to 20 days after injury [3-5, 11, 12] . In all the previous reports, the extruded bone fragment was always fixed internally whenever the bone was re-implanted, regardless of timing being immediate or delayed. In our case, we debrided and sterilized the extruded fragment and re-implanted it immediately without internal fixation. Rather, the fracture was reduced with a knee-spanning external fixator, and the fragment was reimplanted and augmented with an antibiotic-laden cement. Four days after injury, the external fixator and cement were removed, and the bone fragment was fixed internally with plate and screws. Due to the fact that this was a polytrauma patient and the local severity of the femoral injury, we decided to delay internal fixation. Re-implantation of the extruded fragment on the other hand was not delayed in an effort to fill the gap early in order to provide stability and allow exposure of the bone fragment to patient's innate defense mechanism. This method could also be safely followed when sterile freezing is not available to maintain the patient's extruded bone until definitive fixation is performed. 
